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Abstract 


A  total  of  151  full-  size  structural 
flakeboard  panels  constructed  from 
forest  logging  residue  and 
subpanels  and  small  specimens  cut 
from  some  of  these  panels  were 
subjected  to  several  nondestructive 
tests  including  two  different  types 
of  stress  waves.  Small  specimens 
from  65  of  the  panels  were  tested  to 
destruction  to  determine  the 
different  types  of  strength 
properties  of  the  structural  panels. 
Some  of  the  nondestructive 
properties  were  highly  correlated 
with  each  other,  particularly  when 
measured  on  the  same  specimen; 
others  were  somewhat  less  well 
correlated.  Correlations  between 
destructive  and  nondestructive 
properties  tended  to  be  only 
moderately  good  when  the 
nondestructive  property  was 
measured  on  the  destructive 
specimen,  and  poorer  if  measured 
on  a  larger  piece  from  which  the 
destructive  specimen  was  cut. 
Results  should  be  of  interest  to 
particleboard  material  scientists 
with  particular  interest  in 
nondestructive  testing  and  to 
standards  writing  committees. 
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Background  and  Introduction 

A  good  nondestructive  test  method 
will  enhance  the  quality  and  use  of 
particleboard  as  an  engineering 
structural  material.  Burmerster-tSF 
and  later  Pellerin-and  Mofsebauser 
(■6)  demonstrated  in  limitedLways 
tbaT  Wordustructive  stress-wave 
tests  could  aid  in  predicting 
strength  properties  of  particleboard. 
Based  on  the  Petterin-Morsehaeser 
research,  stress-wave  equipment 
has  been  introduced  :n  a  few 
particleboard  plants  to  maintain 
quality  control.  Further  gains  will  be 
made  in  the  acceptance  of  stress- 
wave  testing  and  other  testing 
methods  for  particleboards  as  their 
relationships  to  strength  become 
better  known  ,, 
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Further  study  of  the  problem  came 
about  when  the  Forest  Service  set 
out  to  demonstrate  that  forest 
residues  could  be  used  to  make  a 
good  quality  structural  flakeboard 
suitable  for  house  roof  and  floor 
sheathing.  To  evaluate  the 
flakeboard  made  from  forest 
residue,  151  four-  by  eight-foot 
panels  were  made  on  a  commercial- 
type  4-  by  20-foot  single  opening 
press.  Sixty-five  of  these  were  used 
for  making  the  small  ASTM  standard 
tests  (/.  2).  while  others  were  used 
in  assemblies  for  wail  racking  and 
fire  testing  (5). 

in  addition  to  the  ASTM  standard 
strength  tests,  tests  with 
compressional  stress  waves, 
ultrasonic  or  impact  (4).  were 
conducted  on  full  panels  and  on 
subpanels  and  small  specimens  cut 
from  the  full  panels.  Each  full  panel 
was  also  subjected  to  a  sag  bending 
test.  This  report  describes  and 
examines  results  of  several 


nondestructive  tests  of  particle¬ 
board.  emphasizing  correlations 
among  the  nondestructive  and  the 
standard  destructive  tests. 

Panel  Processing 

The  151  full-size  4-  by  8-foot  panels 
were  stored  at  73r  F  and  50  percent 
relative  humidity  (RH)  for  moisture 
conditioning.  Full-panel  testing  then 
began  with  measurement  ot  physical 
dimensions,  weight,  panel  sag  under 
own  weight,  and  transit  time  for 
impact  and  ultrasonic  stress  waves 
on  all  151  panels.  Thirty-one  of  the 
panels  not  designated  for  small- 
specimen  tests  were  cut  into  pairs 
of  4-  by  4-foot  half  panels.  Except 
for  the  sag  test  the  above 
measurements  also  were  made  on 
these  halt  panels. 

Each  of  the  65  full  panels 
designated  for  small-specimen  tests 
was  cut  as  shown  in  figure  1.  Each 
panel  was  first  crosscut  into  four 


equal  2  by  4-foot  quarter  panels 
Except  for  the  sag  test,  the  large 
panel-type  measurements  then  were 
made  on  each  quarter  panel.  The 
four  quarter  panels  from  each  of  the 
65  full-size  panels  were  then 
designated  at  random  for  a 
concentrated  load  puncture  test, 
standard  small-specimen  tests,  an 
impact  test,  and  moisture  properties 
(evaluated  In  another  studyi. 

Quarter  panels  designated  tor  the 
standard  small-specimen  tests  were 
cut  into  twelfths,  three  equal  16-  by 
24  inch  twelfth  panels.  The  full 
panel-type  measurements  were  than 
made  on  all  these,  except  the  sag 
test  The  three  tweiftn  panels  cut 
from  each  standard  small-specimen 
quarter  panel  were  then  randomly 
assigned  to  one  of  the  following 
standard  strength  property  groups, 
static  bending,  rail,  and  interlaminai 
shear,  nail,  ball  impact,  and 
hardness,  plate  shea:. 

The  twelfth  panels  were  cut  into  the 
standard  small  specimens  All  ot 
these  standard  small  specimens  and 
all  the  quarter  panels  designated  for 
puncture  and  impact  tests  were 
stored  at  73 "  F.  65  percent  RH  tor 
conditioning  prior  to  strength 
testing  Dimensions,  weights,  and 
stress  wave  times  as  well  as  the 
destructive  specimen  properties 
were  then  measured  on  the  small 
specimens  and  the  puncture  and 
impact  quarter  panels 
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An  outline  summarizing  the  various 
nondestructive  measurements  made 
on  each  type  ot  specimen  is  shown 
m  table  1 

Nondestructive  Testing 
Procedures 

Weight  and  dimensions  of  each 
panel,  subpanel,  and  small 
specimen  were  measured.  Thickness 
was  measured  to  0.001  Inch  with  a 
dial  gage  having  3/8-inch-diameter 
contacting  surfaces  to  insure 
bridging  gaps  between  panel 
surface  flakes.  For  full,  half,  quarter, 
and  twelfth  panels  and  plate  shear 
specimens,  the  thickness  was 
measured  at  tour  panel  points— 
about  2  inches  in  from  each  edge 
near  the  center  of  each  side.  Length 


Stress  wave  time 

Specimen  type  Weight  Length  Width  Thkns  Ultrasonic  Impact  Sag 

Along  Across  Along  Across 
panel  panel  panel  panel 

Full  panel  X  X  x  X  x  x  x  X  v 

Halt  panel  XX'XXVXX 

Quarter  panel  X  X  x  X  X  X  X  V 

Twelfth  panel  \  x  X  X  \  x  x  X 

Panel  shear 

15  3/4  tiy  15  3  4  X  \  x  x  \  X  x  x 

Static  heniimo 

3  t>v  14  \  \  s  x  ,  .  ,  i-i 

Rail  shear 

3  1  2  t’v  10  X  V  X  X  X 

Nail 

3  by  7  X  X  X  X  (*)  r- 

Bali  impact 

7  5.8  by  7  5/8  X  X  X  X  X  X 

Hardness 

3  by  6  X  X  X  X  X 

Interlaminai  shear 

2  by  6  XXXXX 

'Lonq  axis  til  l  ho  spot  imon  <  onu  ult'nt  \Ni|h  pit'  alonij  p.mol  ilion'tion 

•’Long  a  ms  of  tho  sppcimon  coim'Kfonl  with  tho  «u  ross  panrl  t1»?oc!ion 
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and  width  were  measured  along  the 
panel  centerlines.  For  the  14-  inch- 
long  bending  and  10-  inch-long  rail 
shear  specimens,  thickness  was 
taken  as  the  average  of  thickness 
measurements  at  the  center  and  at 
about  2  inches  in  from  each  end 
For  the  remaining  small-specimen 
types,  thickness  was  measured  only 
at  the  specimen  center. 

For  treated  bending  and  nail 
specimens  (water-soaked  or  agedi. 
weights  and  dimensions  used  here 
are  based  on  before  treatment  data. 

Full-panel  sag  measurements  (fig.  2) 
were  based  on  supports  spaced  95 
inches  apart.  The  yoke  with  the  dial 
gage  attached  was  zeroed  in  the 
vertical  orientation  shown  in  figure  2 
on  the  milled  surface  of  a  new 
testing  machine.  While  perfect 
zeroing  could  not  be  assured, 
zeroing  was  felt  to  be  sufficiently 
close  to  allow  three  significant  digit 
accuracy  in  the  panel  sag  test  (all 
panels  were  expected  to  sag  more 
than  1  in.).  Panel  sag  was  measured 
as  shown  and  also  with  the  panel 
inverted  to  account  for  any  inherent 
panel  warpage.  Taken  as  the 
average  of  these  two  measurements, 
sag  was  only  determined  for  the  full- 
size  panel  in  the  orientation  shown; 
sag  tests  would  be  less  accurate  on 
smaller  spans. 

Compressional  stress-wave  transit 
times  were  always  measured  along 
a  centerline.  For  the  impact  waves, 
the  panel  or  smaller  specimen  was 
placed  in  a  clamp  attached  to  a 
solenoid  operated  impactor.  An 
accelerometer  was  mounted  on  that 
clamp  to  signal  the  microsecond 
timer  to  start  when  an  impact  was 
induced  (see  later  discussion  on 
timing  bias  under  Results  -  Bias  in 
Impact  t).  Another  accelerometer 
was  clamped  '  inch  in  from  the 
panel  or  specimen  edge  opposite 
the  impactor  to  signal  the  timer  to 
stop  as  the  stress  wave  reached 
that  point.  The  transit  time  tor  any 
one  test  was  taken  as  the  average 
time  for  three  successive  impact 
measurements.  The  impact  timing 
test  setup  with  a  half  panel  is 
shown  in  figure  3. 

For  the  ultrasonic  tests,  a 
40-kilohertz  transducer  and  matched 


Figure  2  —  Full-panel  sag  test  setup  Bar  supports  and  deflection  yoke 
are  on  a  95-inch  span  Impact  and  ultrasonic  stress-nave 
devices  are  shown  to  the  lelt  ot  the  panel 
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Figure  3  —  Impact  stress  wave  test  setup  with  a  48  bv  48  inch  halt 
panel  The  solenoid-operated  impactor  is  clamped  to  the  tar 
side  ot  the  halt  panel  while  the  stop  accelerometer  is 
clamped  to  the  near  side  Timing  instrumentation  is  contained 
in  the  larger  box  on  the  table  The  ultrasonic  timer  and 
transducers  are  to  the  right  ot  the  impact  timing  meter 
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receiver  were  held  to  the  opposite 
edges  ot  a  panel,  subpanel,  or  small 
specimen  Pulses  from  an  ultrasonic 
timer  activated  the  transmitter  at 
about  0  1 -second  intervals  and  the 
timer  sensed  the  receiver  transducer 
to  determine  stress wave  transit 
time  The  ultrasonic  timer  and 
transducers  are  shown  to  the  tight 
ot  the  impact  timing  meter  m 
figure  3 

Nondestructive  Property 
Calculations 

Unit  stress  wave  time  (ri.  either 
ultrasonic  or  impact,  was  calculated 
from 

t  =  t I 

where  r  is  in  microseconds  per  inch 
m  i  when  f  is  the  stress  wave 
transit  distance  in  inches  and  t  is 
the  transit  time  ,n  us.  In  practice.  ( 
was  the  panel  oi  specimen 
dimension  m  the  timing  direction 
w ne»  the  ultrasonic  device  was 
used  and  t  inch  loss  than  that  when 
me  impact  device  was  used 

r-oi  comparison  o'  the  smaller 
subpanels  with  (nose  cut  from  the 
large-  subpanels,  or  panels,  unit 
stress  wave  times  for  the  smaller 
subpane’.s  were  determined  by 

t  -  (itKtif)  (2> 

when  the  transit  distance  of  the 
smaller  pieces  was  a  subdivision  of 
the  ,arger  piece  (eg..  the  along- 
panel  direction  in  the  half  panels  for 
comparison  with  trie  along-panel 
direction  m  the  tut'  panel,  or  the 
across-panel  direction  in  the 
twelfth  panels  for  comparison  with 
the  across-panel  direction  in  the 
quarter  panel)  or  by 

f  =  [i.  (t/f)|/n  (3) 

when  the  transit  distance  was  the 
same  te.g..  the  across-panel 
direction  in  halt  panels  with  n  =  2 
for  comparison  with  the  across- 
panel  direction  of  the  full  panel). 

Modulus  ot  elasticity  (E)  based  on 
stress  wave  data  was  calculated 
according  to  the  fundamental 
equation 

E  =  pc' 

where  p  is  density  and  c  is  stress- 
wave  speed  The  actual  equation 
used  was 

E,„  -  1.4977  0  <1fi )'  (4) 


which  yields  E  in  10"  pounds  per 
square  inch  (lb/in.')  when  density  (0) 
is  in  pounds  per  cubic  foot  (lb/ftJ 
including  moisture  content),  and  r  is 
in  (js/in. 

Modulus  of  elasticity  from  the  sag 
test  was  based  on  the  assumption 
that  the  panel  was  uniformly  loaded 
over  its  full  length,  with  the  uniform 
load  based  on  the  panel  s  density 
The  actual  equation  used  was 

ESAL,  =  8.627  (10  ’’)  nL‘/(T'3|  (5l 

which  yields  E  in  10"  lb/in.'  where  D 
is  as  given  above.  L  is  panel  length 
in  inches.  T  is  panel  ihickness  in 
inches,  and  <1  is  the  deformation  of 
the  panel  center  in  inches  due 
to  sag  when  spanning  95  inches 
between  supports  (fig  2i. 

Equation  (5)  does  not  account  tor 
shea'  deformation.  Presumably, 
shear  deformation  would  be 
relatively  small  because  of  the  largo 
span-to  depth  ratio 

Where  applicable  stiffness  was 
calculated  as  the  imposed  loan  i: 
pounds  divided  by  the  resultant 
deformation  in  inches,  with  sh'mess 
having  the  units  lb/in  as  foi  a 
spring  Slillness  so  calculated  could 
serve  as  a  nondestructive  property  d 
all  panels  were  of  uniform  arid  equal 
thickness.  Otherwise  a  tour'  ot  E 
which  reflects  thickness  variation 
would  be  more  appropriate  For  the 
concentrated  load  tests  on  the 
quartet  panels,  howeven  E  would 
be  diffic  jit  to  calculate  as  the 
relative  flexural  stiffness  in  along- 
panel  and  across-panel  directions, 
modulus  of  rigidity,  and  Poisson  s 
ratios  must  be  known  (7). 
Consequently,  as  (lexural  E  is 
inversely  related  to  the  cube  of 
thickness,  a  unit  stiffness  (US)  was 
calculated  for  the  quarter-panel 
concentrated  load  tests  *rom 

US  =  300/(  T  .))  (6) 

where  US  has  the  units  Ib/ind  with  T 
as  above  and  3,  the  deformation  in 
inches,  measured  relative  to  the 
subpanel  supports  due  to  the 
300-pound  load 

The  thickness  used  m  equations  (5) 
and  (6)  and  for  all  density 
calculations  was  the  aveiage  value 


of  the  four  thickness  measurements 
per  panel,  subpanel,  or  plate  shear 
specimen  or  the  single  value  for 
each  smaller  specimen. 

For  density  comparisons  ot  smaiic 
subpanels  with  the  larger  subparn 
or  panel  from  which  each  was  cut 
density  for  the  smaller  subpane'.s 
was  calculated  as  the  sum  o' 
subpanel  weights  divided  by  the 
sum  of  subpanel  volumes 

Results 

Because  this  study  is  directed 
toward  evaluating  properties 
measured  nondesUuctively  and 
potentially  useful  for  piedirimg 
strength  properties  the  mam 
Mtiphasis  will  tie  on  how  won 
destructive  and  nondestructive 
properties  relate  These 
relationships  wi'l  be  discussed  m 
terms  of  correlation  c  oet'iuents. 
that  is.  bow  we-i  a  oe.-.tini tive 
property  correlates  won  .i 
r-ondeslruc  Pvr  prone' I v  e,  a  simple 
regression  an.ia  ms  T’  e  s  ■”!  m 
hnea;  ’egress..):'  '  •;«  ippp  c-’c 
be  adequate.  Pas.  -  :  in  d-da  ;  .H‘: 

Panel  thickness  a  nt  ,-ens  tv  ,r-> 
included  m  the.  ’ecu’:  as  r  ev  ■>'«• 
important  properties  i  ...  i  i at.  ..  •• 
the  nondestiuni  •«"  .m-t  ires  .* 
tests  For  reader  .  .'"w.'  ec'r 
subpanc-  and  sma-l  ;  ■  me  ’’ 
regress  on  data  are  sci'-mm  .v  • 
the  appendix  Otnpt  me.  hamca. 
property  data  may  be  found  m 
reference  5 

Thickness 

The  thickness  measurements  .in 
15  small-specimen  types  cut  com 
each  ot  the  65  triplet  twe'fth  p.rv.s 
weie  subiected  to  an  unalys.s  o' 
variance  to  dorvmstrate  wilhe'  arm 
between  panel  vacation  Thickness 
averaged  0.509  inch  over  alt  973 
specimens.  The  estimated  variance 
for  thickness  was  0.0001575 
(standard  deviation  of  0  013  m  i 
betwpen  panels  and  0  000077 
(standard  deviation  ot  0  008  m  i 
within  panels.  Thickness  tanged 
between  0.47  and  0.54  inch  tor  panel 
averages  and  0.46  and  0.56  inch  for 
individual  specimens.  As  will  be 
seen  later,  the  variation  in  thickness 
had  a  significant  effect  on  the 
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correlations  between  destructive 
and  nondestructive  tests. 


Table  2. — Average  results  for  unit  stress-wave  time  (i)' 


Density 

As  with  thickness,  the  density  data 
(weight  and  volume  at  65  percent 
RH)  on  the  15  small  specimens  per 
panel  were  subjected  to  an  analysis 
of  variance.  Density  averaged  45.3 
lb/ft3  over  all  975  specimens.  The 
estimated  variance  for  density  was 
4.44  (standard  deviation  of  2.1  lb/ft3 
between  panels  and  4.64  (standard 
deviation  of  2.2  lb/ft3)  within  panels. 
Density  ranged  from  41.1  to  51.3 
lb/ft3  for  panel  averages  and  from 
36.6  to  56.4  lb/ft3  for  individual 
specimens. 

Unit  Stress-Wave  Time  (r) 

As  shown  in  table  2,  r  averaged 
about  8.6  ps/in.  along  the  full  panel 
and  9.5  ps/in.  across  the  full  panel 
by  the  ultrasonic  method  and 
slightly  higher  by  the  impact 
method.  Because  ultrasonic  t 
decreased  somewhat  with  a 
decrease  in  timing  distance  (table  2 
and  fig.  4),  and  because  there  seems 
to  be  some  bias  in  impact  r  as 
discussed  below,  an  analysis  of 
variance  of  t  was  limited  to 
ultrasonic  r  and  to  smaller 
specimens  of  about  equal  length. 

For  the  along-panel  direction, 
ultrasonic  t  data  on  nail  (2 
specimens  per  panel),  ball  impact, 
hardness,  and  interlaminar  shear 
specimens,  all  6  to  7-1/2  inches  long, 
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TRANSIT  DISTANCE.  IN 

Figure  4  —  Umf  ultrasonic  time  in  as  a 
function  of  measuring 
distance.  Numbers 
correspond  to  reference 
numbers  in  table  2  and 
identify  the  specimen  type. 
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Specimen  type 

Number  of 

replications 

Full  panel 

151 

Full  panel 

31 

Half  panels1 

31 

Full  panel 

65 

Quarter  panels4 

65 

Quarter  panel 

65 

Twelfth  panels 

65 

Twelfth  panel 

65 

Plate  shear 

65 

Twelfth  panel 

63 

Ball  impact 

63 

Twelfth  panel 

65 

Hardness 

65 

Nail,  along  panel,  wet 

65 

Nail,  across  panel,  wet 

65 

Nail,  along  panel,  aged 

65 

Nail,  across  panel,  aged 

65 

Twelfth  panel 

65 

Bending,  along  panel 

65 

Bending,  across  panel 

65 

Bending,  along  panel,  wet 

65 

Bending,  across  panel,  wet 

65 

Bending,  along  panel,  aged 

65 

Bending,  across  panel,  aged 

65 

Rail  shear 

65 

Interlaminar  shear 

64 

’Based  on  properties  before  any  treatment  of  ber 

Along  panel  Across  -'snel  Ref. 


Ultrasonic 

Impact 

Ultrasonic  Impact  No. 

«s/in. 

ws/in. 

us/in. 

uS/in. 

8.60 

8,80 

9  51 

9  78 

8.62 

8.87 

9.52 

9  88 

642 

8  79 

9.48 

9.88 

1 

8.57 

8.80 

9  50 

980 

2 

8.12 

8.80 

9  47 

9  85 

3 

8  15 

8  80 

9.48 

986 

4 

8.09 

8  74 

8,74 

9.71 

5 

8  13 

8  77 

8.83 

980 

6 

7  95 

8.74 

8.83 

9  76 

7 

808 

7.55 

8 

8.08 

8  70 

9 

7  74 

10 

7.78 

11 

8.11 

11 

7  73 

12 

8  06 

12 

807 

8  72 

870 

9.66 

13 

808 

8.92 

14 

8.66 

9.63 

14 

7.97 

881 

15 

863 

9.75 

15 

804 

887 

16 

8.63 

9.69 

16 

7  78 

17 

7  64 

18 

ling  oi  nan  specimens 


'Numbers  used  to  identity  data  in  figure  4 
JOata  represent  botn  bait  panels  per  full  panel 


'Data  represent  all  four  quarter  panels  per  full  panel 

•Data  represent  all  three  twelfth  panels  per  single  quarter  panel  per  full  panel. 


were  subjected  to  an  analysis  of 
variance  to  indicate  within  and 
between  panel  variance.  Ultra¬ 
sonic  t  averaged  7.68pS/in. 
for  the  325  specimens.  The 
estimated  variance  was  0.04168 
(standard  deviation  of  0.20  ps/in.) 
between  panels  and  0.07241 
(standard  deviation  of  0.27  ps/in.) 
within  panels.  For  those  small 
specimens,  ultrasonic  t  ranged 
from  7.2  to  8.4  ps/in.  for  panel 
averages  and  from  6.2  to  8.7  ps/in. 
for  individual  specimens. 

For  the  across-panei  direction,  the 
analysis  of  variance  was  made  on 
the  across-panei  ultrasonic  data  for 
the  three  twelfth  panels,  three 
bending  specimens,  and  the  plate 
shear  specimen,  all  having  a  transit 
distance  of  14  to  16  inches 
Ultrasonic  t  averaged  8.71  ps/in.  for 
those  455  specimens.  The  estimated 
variance  was  0.09134  (standard 
deviation  of  0.30  ps/in.)  between 


panels  and  0.06380  (standard 
deviation  of  0.25  psfin.)  within 
panels.  For  those  specimens, 
ultrasonic  t  ranged  from  8.2  to  9.4 
ps/in.  for  panel  averages  and  from 
7.7  to  10.3  ps/in.  for  individual  data. 

Bias  in  Impact  t's.  —  Impact 
T  s  apparently  lacked  the  variation 
with  transit  distance  demonstrated 
by  ultrasonic  t-s  (table  2).  but  this 
may  have  been  a  result  of  testing 
technique.  The  impact  stress  wave 
was  actually  timed  from  a  point 
within  the  steel  gripping  clamp 
rather  than  at  the  edge  of  the 
specimen  as  was  done  with  the 
ultrasonic  stress  wave.  Thus,  each 
impact  stress-wave  measurement 
should  have  a  more  or  less  constant 
positive  time  bias.  Differences 
between  ultrasonic  t  and  impact  t 
averages  (table  2)  can  be  accounted 
for  by  a  random  3-  to  10-ps  timing 
bias  for  the  impact  method. 

Because  of  the  timing  bias,  the 


4 
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analysis  presented  from  here  on 
was  based  on  the  ultrasonic 
measurements,  except  for  some 
correlations  that  immediately  follow. 

Correlations  Between  Timing  Types 
and  Panel  Directions  Within 
Specimens.— Based  on 
measurements  made  within  the 
same  specimen,  and  for  the  same 
panel  direction,  the  two  types 
of  r's  (ultrasonic  versus 
impact)  were  relatively  well 
correlated  in  quarter-sized  panels  or 
larger  (table  3,  R  >  0.90),  but  were 
only  moderately  well  correlated  in 
the  smaller  sized  plate  shear 
specimen  (R  as  low  as  0.76). 

On  the  other  hand,  alike  r's  (table 
3)  in  the  along-  versus  across-panel 
directions  were  relatively  poorly 
correlated  (R  ranging  between  0.26 
and  0.651,  implying  that  the  across- 
panel  properties  may  not  be  very 
predictable  from  the  along-panel 
properties  in  the  type  of  flakeboard 
used  in  this  study. 

Correlations  Between  Small 
Specimens,  Panels,  and 
Subpanels.— The  correlation 
coefficients  shown  in  table  4 
suggest  relatively  good  relations  for 
ultrasonic  r  between  full  panels, 
quarter  panels,  and  twelfth  panels 
(R  »  0.81).  The  correlation 
coefficients  for  ultrasonic  t 
between  the  small  specimens  and 
the  subpanels  or  panels  from  which 
they  were  cut  tended  to  be  poor  to 
moderate  (R's  ranging  from  0  23  to 
0.77);  the  better  correlation 
coefficients  tended  to  be  associated 
with  the  longer  specimens  (plate 
shear,  rail  shear,  and  bending)  and 
the  poorer  with  the  shorter 
specimens  (hardness,  nail,  and 
interlaminar  shear).  Correlations  of 
small  specimens  with  quarter  panels 
or  twelfth  panels  were 
approximately  the  same,  but  were 
poorer  with  the  large  panels. 
Correlation  coefficients  generally 
tended  to  be  better  for  the  across- 
panel  direction  than  for  the  along- 
panel  direction. 

Modulus  of  Elasticity 

Calculated  from  unit  ultrasonic 
stress-wave  time  and  density  data, 
ultrasonic  modulus  of  elasticity  (E) 


Table  3. — Correlation  coefficients  between  types  of  unit  stress-wave  time  data’ 


Tun* 

Full 

Half 

Quarter 

Twelfth 

Plate 

panel 

panel 

panel 

panel 

shear 

Along  panel 

Ultrasonic  versus  impact 

0.93 

0.97 

0  90 

0  90 

0  76 

Across  panel 

Ultrasonic  versus  impact 

91 

96 

.98 

84 

84 

Ultrasonic 

Along  versus  across 

.50 

— 

.52 

65 

.26 

Impact 

Along  versus  across 

.47 

— 

.34 

.50 

.30 

Each  number  based  on  65  paired  values,  half  size  panel  numbers  based  on  31  paired 

values. 

Table  4.— Correlation  coefficients  between  specimen  types  for 

unit  ultrasonic  time’  2 

— 

Full  panel 

Quarter  panel 

Twelfth  panel 

Specimen  type 

Along 

Across 

Along 

Across 

Along 

Across 

panel 

panel 

panel 

panel 

panel 

panel 

Quarter  panel 

0.92 

0.93 

Twelfth  panel 

.81 

0.88 

0.94 

Plate  shear 

.60 

.61 

.59 

68 

0.77 

067 

Ball  impact 

.61 

.52 

.70 

Hardness 

.36 

.51 

.47 

Nall,  wet 

.23 

.32 

48 

Nail,  wet 

.43 

.54 

58 

Nail,  aged 

.32 

.37 

.45 

Nail,  aged 

.47 

61 

65 

Bending 

.48 

.55 

58 

Bending 

.60 

67 

62 

Bending,  wet 

.62 

.73 

.69 

Bending,  wet 

.64 

77 

77 

Bending,  aged 

.48 

.57 

60 

Bending,  aged 

.69 

.72 

65 

Rail  shear 

.60 

.69 

73 

Interlaminar  shear 

.54 

.46 

55 

'Each  number  based  on  65  paired  values:  ball  impact  numbers  basea  on  63  paired  values  and 
interlaminar  shear  numbers  on  64. 


*Data  taken  prior  to  any  wetting  or  aging  of  nail  and  bending  specimens 


in  10"  lb/in.*  averaged  between  0.92 
(full  panel)  and  1.18  (interlaminar 
shear  specimen)  for  the  along-panel 
direction  and  between  0.75  (full 
panel)  and  1.06  (nail  specimen 
before  aging)  for  the  across-panel 
direction  (table  5).  Averages  in  table 
5  show  an  increasing  trend  in  E 
with  a  decrease  in  specimen  stress- 
wave  timing  distance  for  both  along 
panel  and  across-panel  directions 
That  trend,  however,  is  consistent 
with  the  decreasing  trend  of  unit 
ultrasonic,  time  noted  earlier 

An  analysis  of  variance  was  made 
for  ultrasonic  E  but  was  limited 
similarly  to  that  tor 
ultrasonic  r.  For 
the  325  ball  impact,  hardness, 
interlaminar  shear,  and  nail  (2  per 
panel)  specimens,  alt  6  to  7-1/2 
inches  long,  ultrasonic  E  along 
the  panel  direction  averaged 


1.16(10”)  lb/in.*  Estimated  variance 
was  0.00924  (standard  deviation  of 
0.10(10”)  lb/in.*)  between  panels  and 
0.01115  (standard  deviation  of 
0.11(10”)  lb/in.*>  within  panels  The 
along-panel  ultrasonic  E  of  those 
small  specimens  ranged  t  om  0.89 
to  1 ,41(10e>lb/in.*  for  panel  averages 
and  from  0.77  to  1.80(10”)  lb/in.*  for 
individual  specimens. 

Analysis  of  variance  tor  the  across- 
panel  direction  was  made  on  t*  e 
three  twelfth  panels,  three  bending 
specimens,  and  the  plate  shear 
specimens,  all  based  on  across- 
panel  lengths  of  14  to  16  inches.  For 
those  455  specimens,  the  across- 
panel  ultrasonic  E  averaged  0  90(10”) 
lb/in.*.  The  estimated  variance  was 
0.00686  (standard  deviation  of 
0.08(10”)  lb/in.*)  between  panels  and 
0.00448  (standard  deviation  of 
0.07(10”)  Ib/in.*)  within  panels.  The 
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Table  5. — Average  of  results  tor  ultrasonic  modulus  ot 


elasticity' 

Specimen  type 

Number  of 

Along 

Across 

specimens 

panel 

panel 

■■■■10'  Lb/in.’- 

Full  panel 

151 

0.92 

0.75 

Full  panel 

65 

93 

.76 

Twelfth  panel 

65 

1.02 

.86 

Plate  shear 

65 

1.06 

.86 

Twelfth  panel 

63 

1.05 

Ball  impact 

63 

1.20 

Twelfth  panel 

65 

1.05 

90 

Hardness 

65 

1.13 

Nail,  along  panel,  wet 

65 

1.13 

Nail,  across  panel,  wet 

65 

1  03 

Nail,  along  panel,  aged 

65 

1.14 

Nail,  across  panel,  aged 

65 

1.06 

Twelfth  panel 

65 

1.04 

90 

Bending,  along  panel 

65 

1.03 

Bending,  across  panel 

65 

91 

Bending,  along  panel,  wet 

65 

1.08 

Bending,  across  panel,  wet 

65 

92 

Bending,  along  panel,  aged 

65 

1.05 

Bending,  across  panel,  aged 

65 

92 

Rail  shear 

65 

1.14 

Interlaminar  shear 

65 

1.18 

'Before  any  wetting  or  aging. 


Table  6.— Correlation  coefficients  between  specimen  types  for  modulus  of  elasticity’ 


Full  panel 

Twelfth  panel 

Type  of  specimen 

Ultrasonic  E 

Sag  E 

Ultrasonic  E 

Along 

Across 

Along 

Across 

panel 

panel 

panel 

panel 

Quarter  panels’ 

0.65 

0.74 

0.28 

0.81 

6.90 

Twelfth  panel’ 

.58 

.61 

.32 

— 

— 

Plate  shear 

.54 

.57 

.19 

.87 

.80 

Ball  impact 

.53 

— 

.15 

.78 

— 

Hardness 

.36 

— 

.22 

.56 

— 

Nail,  wet 

.38 

— 

.09 

.66 

— 

Nail,  wet 

.27 

.17 

.68 

Nail,  aged 

.45 

.18 

.65 

Nail,  aged 

.22 

.21 

.69 

Bending 

.39 

.21 

.70 

Bending 

.49 

.06 

.70 

Bending,  wet 

.45 

.30 

.79 

Bending,  wet 

.54 

.04 

.81 

Bending,  aged 

.38 

.19 

.71 

Bending,  aged 

.51 

.03 

.74 

Rail  shear 

.51 

.45 

.85 

Interlaminar  shear 

.38 

.29 

.76 

'Each  number  based  on  65  paired  values,  ball  impact  numbers  based  on  63  paired  values  and  inter 
laminar  shear  numbers  on  64. 

’Based  on  one  subpanel  per  panel. 


across-panel  ultrasonic  E  ranged 
from  0.74  to  1.07(10*)  Ib/in.’  for  panel 
averages  and  0.61  to  1.29(10*)  Ib/in.’ 
for  individual  data. 

Correlations  Between  Panel 
Directions  Within  Specimens.— 
Correlation  coefficients  relating 
along-panel  to  across-panel 
ultrasonic  E’s  for  65  data  sets  each 
were  0.49  for  full  panels,  0.64  for 
quarter  panels,  0.70  for  twelfth 
panels,  and  0.68  for  plate  shear 
specimens.  These  are  generally 
better  than  the  similar  correlations 
for  ultrasonic  t  (table  3.)  Even  so, 
these  moderate  correlations  suggest 
that  across-panel  properties  will  not 
be  predicted  very  closely  by  along- 
panel  ultrasonic  E. 

Correlations  Between  Small  Speci¬ 
mens,  Panels,  and  Subpanels. 
—Ultrasonic  E  correlations  between 
small  specimens  and  the  twelfth 
panel  from  which  they  were  cut 
(table  6)  were  moderate  to  good  (R 
=  0.56  to  0.87).  These  correlations 
were  all  better  than  the  same 
comparisons  for  ultrasonic  t  (table 
4),  indicating  an  improvement  due  to 
accounting  for  density  differences, 
but  also  thickness  because  the 
density  calculation  involved 
thickness.  On  the  other 
hand,  ultrasonic  E  correlations 
between  small  specimens  and  the 
full  panels  were  poor  to  moderate  (R 
=  0.22  to  0.57)  and  were  generally 
lower  than  the  comparable 
correlations  for  ultrasonic  t. 

Comparison  of  Ultrasonic  and  Sag 
E.—  Sag  E,  as  measured  on  all  151 
full  panels,  averaged  0.88(10*)  Ib/in.’, 
or  about  96  percent  of  the  average 
full-panel  ultrasonic  E  in  the  along- 
panel  direction.  Sag  E  reflects 
along-panel  stress-strain  response. 
The  coefficient  of  variation  was  8.3 
percent,  a  value  somewhat  higher 
than  the  5.7  percent  observed  for 
the  comparable  ultrasonic  E.  The 
larger  variation  in  the  sag  E  is 
probably  due  in  part  to  the  variable 
panel  thickness  noted  earlier.  Sag  E 
depends  on  thickness  cubed; 
ultrasonic  E  depends  on  thickness 
to  the  first  power. 

The  correlation  coefficient  between 
sag  E  and  ultrasonic  E  along  the  full 


panel  was  a  moderately  poor  0  41. 
The  comparative  data  are  shown  in 
figure  5.  Correlations  of  small- 
specimen  or  subpanel  ultrasonic  E's 
with  the  full-panel  E  from  the  sag 
test  (table  6)  were  generally  poor  to 
insignificant  (R's  between  0.03  to 
0.45). 

Comparison  of  Static  E  of  Small 
Bending  Specimens  with  Ultrasonic 
E.— Moduli  of  elasticity  (table  7) 


determined  from  static-bending 
tests  of  small  specimens  depended 
on  panel  orientation  similar  to  that 
noted  earlier  for  ultrasonic  E, 
namely  that  the  along-panel 
direction  had  the  greater  static  E. 
The  static  E's  averaged  considerably 
lower  than  the  ultrasonic  E’s  for  the 
same  specimens,  however.  For  the 
unaged  specimens,  static  E's 
averaged  71  and  76  percent  of  the 
ultrasonic  E's  in  along-panel  and 
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figure  5.  —  Comparison  ot  along  panel 

moduli  ot  elasticity  data  from 
sag  and  ultrasonic  measure¬ 
ments— 151  full  panels. 


across-panel  directions, 
respectively.  The  still  lower  static 
E's  for  the  wetted  or  aged  bending 
specimens  reflect  a  reduction  due  to 
treatment.  Note  that  ultrasonic  E's 
were  based  on  before  treatment 
time,  weight,  and  dimension 
measurements  and  static  E's  on 
before  treatment  dimensions  but  on 
toad-deflection  diagrams  after 
treatment.  Had  static  E's  been 
based  on  after  treatment 
dimensions,  the  average  values  for 
treated  specimens  would  have  been 
lower  than  those  listed  in  table  7 
due  to  thickness  swelling. 

Static  E's  had  higher  coefficients  of 
variation  than  ultrasonic  E's  of  the 
same  specimens.  The  coefficients  of 
variation  for  static  E  (table  7)  ranged 


between  13  and  19  percent 
compared  to  11  to  12  percent  for 
ultrasonic  E  of  the  same  bending 
specimens.  As  noted  for  sag  E 
above,  static  E  is  also  dependent  on 
thickness  cubed  which  may  explain 
why  it  was  more  variable  than 
ultrasonic  E. 

Correlations  between  static  E  and 
ultrasonic  E  for  the  small  bending 
specimens  (table  7)  were  moderately 
good  (R's  ranging  from  0.70  to  0.85 
depending  on  treatment  type). 
Correlations  of  small  bending- 
specimen  static  E's  were  generally 
not  as  good  with  twelfth-panel  or 
full-panel  ultrasonic  E's  as  with  the 
small  bending-specimen  ultrasonic 
E's. 

Evaluation  of  Concentrated  Load 
Tests  on  Quarter  Panels 

As  shown  in  table  8,  concentrated 
load  test  results  on  the  quarter 
panels  correlated  only  moderately 
well  with  quarter-panel  ultrasonic  E 
(R's  from  0.54  to  0.74)  but  only 
poorly  at  best  with  full-panel  ultra¬ 
sonic  E  (R's  from  0.03  to  0.47).  While 
a  correlation  coefficient  above  about 
0.25  is  significant  in  a  statistical 
sense  (5  pet  level,  n  =  60),  the 
correlation  coefficient  should  be  on 
the  order  of  about  0  5  or  greater  if  a 
nondestructive  test  (NDT)  property  is 
to  be  given  serious  consideration  as 
a  predictor  of  strength.  Correlations 
of  the  concentrated  load  results 
with  the  full-panel  sag  E.  not 
tabulated,  were  even  worse  in  that 
none  of  the  R's  was  significant. 


Unit  stiffness  was  moderately  well 
correlated  witn  ultrasonic  E  of  the 
quarter  panel  (R  =  0.72  or  0.74),  an 
improvement  over  stiffness  that  was 
uncorrected  for  panel  thickness. 
Max.mum  load  in  the  puncture  test, 
however,  was  less  well  correlated 
with  the  quarter -panel  ultrasonic  E 
(R  =  0.61),  nor  was  it  improved 
much  with  a  thickness  correction  iR 
=  0.64). 

Evaluation  of  Static-Bending 
Properties 

Correlation  coefficients  between 
maximum  load  or  modulus  of 
rupture  (based  on  before  treatment 
dimensions)  from  the  small  static¬ 
bending  tests  and  nondestructive 
specimen  or  panel  properties  are 
given  in  table  9.  Correlations  were 
slightly  better  for  modulus  of 
rupture  than  for  maximum  load,  as 
modulus  of  rupture  is  corrected  for 
thickness.  In  general,  the  destructive 
properties  were  best  cot -elated  with 
small-specimen  static-bending  E  (R  s 
from  0.62  to  0.89).  Correlations 
tended  to  be  better  with  ultrasonic  E 
than  with  either  ultrasonic  ^  or 
density.  Also,  correlations  tended  to 
be  better  with  the  smaller  sized 
specimen  properties  than  with  the 
larger  sized  panel  properties  of  the 
same  NDT  kind.  An  example  of  the 
decreasing  trend  in  correlation  is 
shown  in  figure  6  for  modulus  of 
rupture  of  untreated  specimens 
versus  ultrasonic  E.  The  results  for 
the  across-panel  direction  in 
untreated  bending  specimens  are  an 
exception  in  that  the  correlations 


Table  7. — Summary  of  small-specimen  static-bending  modulus  of  elasticity  results 
and  comparisons  with  ultrasonic  modulus  of  elasticity’ 


Static-bending  E 

Bending-specimen 

'VP®  Average  Coefficient 

of 


Correlation  coefficient— static  E 
versus  ultrasonic  E  of 

Bending  Twelfth  panel  Full  panel 

specimen 


variation 

Along 

Across 

Along 

Across 

Along 

Across 

panel 

panel 

panel 

panel 

panel 

panel 

10*  Lb/in.’ 

Pet 

Unaged,  along  panel 

0.73 

16.7 

0.80 

0.69 

0  46 

Unaged,  across  panel 

.69 

16.5 

0.73 

0,63 

0.55 

Wet.  along  panel’ 

.55 

19  1 

70 

.76 

52 

Wet.  across  panel’ 

.49 

18.9 

78 

64 

56 

Aged,  along  panel' 

68 

12.8 

.85 

.57 

,27 

Aged,  across  panel' 

.81 

14.8 

83 

.68 

42 

Each  number  based  on  65  paired  values 


'Based  on  dimensions  before  treatment 


Table  8.— Results  for  concentrated  load  tests 


Concentrated  load  test 

Stiffness  (3-in.  diam  ) 

Unit  stiffness  (3-in,  diam.) 
Stiffness  (1-in.  diam.) 

Unit  stiffness  ( 1  -in.  diam.) 
Puncture  load 
Puncture  load/thickness 


tended  to  be  better  with  twelfth- 
panel  ultrasonic  E's  than  with  the 
bending-specimen  ultrasonic  E's. 

The  small-specimen  destructive 
properties  correlated  poorly  at  best 
with  the  full-panel  NDT  properties 
(R's  from  0.03  to  -  0.49).  This  is 
particularly  evident  in  correlations 
with  density  and  sag  E. 

Correlations  for  the  wet  or  aged 
bending  specimens  were  very 
similar  to  those  for  the  unaged 
bending  specimens. 

Evaluation  of  Internal  Bond 

Correlation  coefficients  between 
inlernal  bond  (from  untreated  static 
bending  specimens)  and  non¬ 
destructive  properties  are  given  in 
table  10.  Except  for  sag  E.  better 
correlations  were  obtained  between 
internal  bond  measured  on 
specimens  cut  from  alcng-panel 
tatic-bending  specimens  and  the 
along-panel  NDT  properties  than 
between  internal  bond  measured  on 
specimens  cut  from  the  across- 
panel  static-bending  specimens  and 
the  across-panel  NDT  properties 
For  all  practical  purposes,  however, 
almost  all  of  the  correlation 
coefficients  were  poor  or 
insignificant. 

The  negative  correlations  listed  for 
the  across-panel  direction  do  not 
make  sense,  as  they  imply  that 
internal  bond  decreases  as 
ultrasonic  E  increases.  However, 
only  the  -0.25  correlation 
coefficient  is  significant  (5  pet  level) 
in  the  statistical  sense.  Even  so, 
such  supposedly  significant  results 
can  be  expected  to  occasionally 
occur  by  chance  alone. 


on  quarter  panels 


Correlat-on  coefficient  with 

along-panel  Ultrasonic  E 

Quarter  panel 

Full  panel 

0.54 

0.03 

.72 

.30 

.5, 

06 

74 

32 

61 

42 

64 

.47 

Evaluation  of  Interlaminar  Shear 
Properties 

Correlation  coefficients  between 
interlaminar  shear  and  NDT 
properties  are  given  in  table  11. 
Shear  strength  was  best  correlated 
with  small-specimen  shear  modulus 
(R  =  0.8)  and  next  best  with  either 
ultrasonic  E  of  the  twelfth  panel  or 
density  of  either  the  shear  specimen 
or  twelfth  panel  (R  =  0.6).  Shear 
stiffness  and  shear  modulus  were 
best  correlated  with  small-specimen 
density  and  twelfth-panel  density  or 
ultrasonic  E  (R  =  0.7).  Correlations 
of  shear  properties  with  the  full- 
panel  properties  were  mediocre  to 
insignificant,  particularly  for  density 
and  sag  E. 

Evaluation  of  Rail  Shear  Properties 

Correlation  coefficients  between  rail 
shear  and  NDT  properties  are  given 
in  table  12.  Correlations  were 
slightly  better  for  shear  stress  than 
for  shear  load.  The  shear  properties 
were  moderately  well  correlated  with 
ultrasonic  E  or  density  of  the  shear 
specimens  (R  about  0.6)  and  with 
the  twelfth-panel  ultrasonic  E  (R 
about  0.54).  Correlations  with  sag  E 
and  density  of  the  full  panels  were 
insignificant. 

Evaluation  of  Nail  Properties 

Correlation  coefficients  between 
nail-resistance  properties  and  NDT 
properties  are  given  in  table  13.  Nail- 
resistance  properties  were  generally 
best  correlated  with  nail-specimen 
density  (R  s  from  0.37  to  0.70).  or 
with  twelfth-panel  density  (R's  from 
0.29  to  0.70).  bu!  tne  few 
correlations  run  with  full-panel 
density  were  not  significant. 

In  general,  correlations  of  nail 
resistance  with  ultrasonic  E  of  the 


nail  or  twelfth  panel  were  rather 
mediocre,  but  somewhat  better  than 
the  poor-to-insigmficant  correlations 
with  ultrasonic  t  of  the  same 
specimen  types.  Correlations  of  nail- 
resistance  properties  with  full-panel 
NDT  properties  were  poor  to 
insignificant,  particularly  for  sag  E 

Evaluation  of  Ball  Impact  Properties 

Correlation  coefficients  between  the 
height  of  drop  to  first  crack  or  to 
failure  in  the  ball  impact  test  and 
NDT  properties  are  given  in  table  14 
The  correlation  coefficients  for 
failure  were  only  moderately  good  at 
best  (R  about/0.60/),  with  about  the 
same  result  for  ultrasonic  r  as  for 
ultrasonic  E:  the  correlations  were 
generally  improved  by  correcting  for 
specimen  thickness.  Correlation  of 
failure  under  impact  with  full-panel 
sag  E  was  insignificant  and  all  of 
the  correlation  coefficients  for  first 
crack  under  impact  were 
insignificant.  Also,  there  was  very 
little  correlation  between  the  first 
crack  and  failure  (R  =  0.47). 

Evaluation  of  Hardness  Modulus 

Correlation  coefficients  between 
hardness  modulus  and  NDT 
properties  are  given  in  table  15. 
Hardness  modulus  was  best 
correlated  with  density  of  the 
hardness  specimen  (R  =  0 .87). 
Correlations  with  specimen 
ultrasonic  E  or  with  twelfth-panel 
density  were  only  moderately  good 
(R  =  0.6)  and  witti  full-panel  Jensitv 
insignificant.  Correlations  with 
ultrasonic  t  or  with  any  of  the  full- 
panel  properties  were  poor  to 
insignificant. 

Evaluation  of  Plate  Shear  Properties 

Correlation  coefficients  between 
plate  shear  and  NDT  properties  are 
given  in  table  16.  In  general,  better 
correlations  were  obtained  for  piate 
shear  modulus  than  for  plate  shear 
stiffness,  perhaps  because  plate 
shear  modulus  corrects  for 
thickness.  Shear  modulus  was  best 
correlated  with  density  or  ultrasonic 
E  of  the  plate  shear  specimen  (R  = 
0.8).  It  was  also  well  correlated  with 
twelfth-panel  density  or  ultrasonic  E 
(R  =  0.7)  but  poorly  with  full-panel 
ultrasonic  E  (R  =  0.44).  Correlation 
coefficients  with  full-panel  sag  E 
were  insignificant. 


Table  9.— Summary  of  correlations  between  static  bending  and  nondestructive  properties  ‘ 


Specimen  type  Property- 


Correlation  coetticient 

Along  panel  Across  panel 

Maximum  Modulus  ot  Maximum  Modulus  ot 

load  rupture'  load  rupture' 


UNTREATED  BENDING  SPECIMENS 


Full  panel 


Full  panel 


Full  panel 


Density 

0  54 

0  22 

0  42 

0  48 

Ultrasonic  r 

*  56 

-  61 

35 

4  1 

Ultrasonic  E 

6? 

.75 

52 

60 

Static  E  \ 

71 

62 

62 

1  *- 

Density 

45 

48 

4’ 

4a 

Ultrasonic  i 

-  45 

-  44 

66 

64 

Ultrasonic  E 

.53 

54 

64 

67 

Density 

’0 

.14 

15 

07 

Ultrasonic  t 

-  33 

26 

-  42 

40 

Ultrasonic  E 

35 

30 

39 

4b 

Sag  E 

22 

20 

WET  TREATED  BENDING  SPECIMENS 

06 

08 

Ultrasonic  E 

0  67 

0  39 

0  77 

0  80 

Static  E 

69 

79 

79 

89 

Ultrasonic  E 

64 

39 

68 

70 

Ultrasonic  E 

.20 

29 

39 

48 

Sag  E 

12 

15 

AGE  TREATED  BENDING  SPECIMENS 

10 

12 

Ultrasonic  E 

0.64 

0  75 

0  59 

068 

Static  E 

89 

87 

78 

84 

Ultrasonic  E 

.45 

.55 

58 

62 

Ultrasonic  E 

.17 

.28 

33 

44 

Sag  E 

.03 

.03 

10 

1  1 

Maximum  load  and  modulus  of  rupture  compared  to  the  listed  properties 


•’Each  number  based  on  65  paired  values 
'Based  on  dimensions  before  any  treatment 
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The  negative  correlation  coefficient 
oetween  shear  stiffness  and  full- 
Danel  density  (R  =  -0.30),  while 
statistically  significant  (5  pet  level), 
makes  little  sense  as  it  suggests 
that  shear  stiffness  decreases  as 
panel  density  increases. 

Summary  and  Conclusions 

One  hundred  and  fifty-one  full-size 
structural  flakeboard  panels 
constructed  from  forest  logging 
residue  and  specimens  cut  from 
some  of  these  panels  were 
subjected  to  nondestructive  tests 
including  ultrasonics  and  static 
bending. 

Ultrasonic  modulus  of  elasticity  was 
greater  in  the  along-panel  direction 
than  in  the  across-panel  direction  — 
by  about  22  percent  in  the  full  panel. 
Ultrasonic  E  tended  to  increase  as 
the  ultrasonic  timing  distance 
decreased,  and  varied  both  within 
and  between  panels.  The  along- 
panel  and  across-panel  ultrasonic 
E's  determined  on  the  larger  pieces 
were  only  moderately  well 
correlated,  suggesting  that  the 
along-panel  ultrasonic  E  would  not 
be  very  useful  for  predicting  across- 
panel  properties.  Correlations  of 
ultrasonic  E  s  were  generally  poor 
between  small  specimens  and  full 
panels. 

Ultrasonic  stress-wave  time  (time 
per  unit  transit  distance)  was 
correlated  to  the  same  variables  as 
E.  Sensitivity  to  panel  size,  test 
orientation,  and  destructive 
properties  was  very  similar  to  that 
found  with  ultrasonic  E. 

Static  bending  E's  of  unaged 
bending  specimens  averaged  about 
73  percent  of  the  ultrasonic  E's  of 
those  specimens.  Correlations  of 
static  E's  of  the  bending  specimens 
with  ultrasonic  E's  were  best  for  the 
static-bending  specimen  and  least 
for  the  full  panels. 

Thickness  and  density  were  found  to 
be  variable,  both  within  and  between 
panels,  even  though  all  panels  were 
to  be  made  alike.  These  variations 
undoubtedly  had  an  effect  on  the 
stress-wave  properties,  as  well  as  on 
the  destructive  properties. 


Table  10. — Summary  ot  correlations  between  internal  bond  and 
nondestructive  properties' 


Specimen  type 

Property 

Correlation  coefficient 

Along  panel 

Across  panel 

Static  bending 

Density 

0  40 

Jurasonic  r 

-  42 

L’:''3Somc  E 

51 

-0  02 

Twelfth  panel 

Density 

21 

Ultrasonic  i 

-  .32 

Ultrasonic  E 

29 

-  06 

Full  panel 

Density 

16 

Ultrasonic  t 

-  29 

Ultrasonic  E 

33 

-  25 

Sag  E 

16 

35 

Each  number  based  on  65  paired  values 


Table  11.— Summary  of  correlations  between  interlaminar  snear  and 
nondestructive  properties' 


Correlation  coefficient 


Specimen  type 

Property 

Shear 

Shear 

Maximum 

Maximum 

stiffness 

modulus 

shear 

shear 

load 

stress 

Interlaminar  shear 

Density 

0.74 

0.75 

0  63 

0  63 

Ultrasonic  t 

-.38 

-  34 

-  33 

-  33 

Ultrasonic  E 

.69 

.66 

59 

59 

Shear  modulus 

83 

81 

Twelfth  panel 

Density 

.72 

72 

.60 

59 

Ultrasonic  t 

-.51 

-  .52 

-  .45 

-  44 

Ultrasonic  E 

.74 

.72 

63 

62 

Full  panel 

Density 

.17 

2C 

Ultrasonic  r 

-  .44 

-  .41 

Ultrasonic  E 

.41 

.44 

48 

46 

Sag  E 

.23 

.23 

.30 

.30 

Each  number  based  on  65  paired  values 


Table  12.— Summary  of  correlations  between  rail  snear  and 
nondestructive  properties' 


Correlations  coefficient 


Specimen  type  Property 


Maximum 

Maximum 

shear  load 

shear  stress 

Rail  shear  specimen 

Density 

0.56 

060 

Ultrasonic  r 

-  .46 

-  43 

Ultrasonic  E 

.59 

62 

Twelfth  panel 

Density 

.44 

48 

Ultrasonic  t 

-.45 

-  46 

Ultrasonic  E 

.53 

56 

Full  panel 

Density 

.18 

Ultrasonic  t 

-  42 

Ultrasonic  E 

.45 

.49 

Sag  E 

.19 

.19 

Each  number  based  on  65  paired  values 
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Table  13.— Summary  of  correlations  between  nail  and  nondestructive  properties 


Correlation  coefficient 


Specimen  type 

Property1 

Along  panel 

Across  panel 

Head  pull 

Lateral 

Withdrawal 

Head  pull 

Lateral 

Withdrawal 

resistance 

resistance 

through 

resistance 

resistance 

through 

UNTREATED  NAIL  SPECIMENS' 

Static  bending 

Density 

0.57 

0  40 

Ultrasonic  t 

-  11 

-.12 

Ultrasonic  E 

42 

0  28 

064 

.31 

0.29 

0  41 

Twelfth  panel 

Density 

55 

29 

Ultrasonic  t 

-  32 

.06 

Ultrasonic  E 

52 

32 

64 

.11 

.34 

46 

Full  panel 

Density 

.16 

-.13 

Ultrasonic  i 

-  19 

'-.01 

Ultrasonic  E 

.23 

33 

32 

1  .00 

1  .23 

1  30 

Sag  E 

12 

.07 

.28 

00 

.13 

.10 

WET-TREATED  NAIL  SPECIMENS* 

Nail  specimen 

Density 

0  62 

0.69 

0.60 

0.47 

0.70 

0.69 

Ultrasonic  r 

-  13 

-  .19 

-  14 

-  .09 

-  .03 

,20 

Ultrasonic  E 

44 

.45 

.53 

36 

.43 

,22 

Twelfth  panel 

Density 

63 

52 

.58 

.50 

.70 

.63 

Ultrasonic  r 

-  47 

-  .40 

-  .32 

-  .38 

-  .28 

-  16 

Ultrasonic  E 

.63 

52 

52 

.50 

.51 

.39 

Full  panel 

Ultrasonic  E 

.39 

.26 

21 

1  .38 

J  .32 

1  32 

Sag  E 

-  .04 

.04 

.00 

.01 

.14 

-.03 

AGE-TREATED  NAIL  SPECIMENS* 

Nail  specimen 

Density 

049 

0.45 

0.44 

0.37 

Ultrasonic  t 

-.15 

-.28 

-  .41 

-  11 

Ultrasonic  E 

.43 

.50 

.57 

.28 

Twelfth  panel 

Density 

.29 

.48 

.54 

42 

Ultrasonic  r 

-.21 

-  .39 

-  38 

-  .20 

Ultrasonic  E 

29 

.50 

.52 

32 

Full  panel 

Ultrasonic  E 

.23 

42 

1  .36 

1  .35 

Sag  E 

08 

.12 

18 

-  .05 

Based  on  dimensions  before  any  treatment 


'Each  number  based  on  62  paired  values. 

’Correlations  with  along-panel  unit  ultrasonic  time  and  ultrasonic  E 
4Each  number  based  on  65  paired  values. 


Corrected  for  panel  thickness, 
stiffness  of  the  quarter  panels  under 
concentrated  load  correlated 
moderately  well  with  ultrasonic  E  of 
the  same  quarter  panels  but  only 
poorly  with  ultrasonic  E  of  the  full 
panels.  Shear  modulus  for  either 
plate  shear  or  interlaminar  shear 
also  correlated  moderately  well  with 
ultrasonic  E  of  the  panels  on  which 
the  measurements  were  made  but 
only  poorly  with  ultrasonic  E  of  the 
full  panels. 


As  a  very  general  observation, 
correlations  of  the  various 
destructive  properties  (e  g.,  modulus 
of  rupture,  internal  bond,  shear 
strength,  etc.)  tended  to  be 
moderately  good  at  best  with 
ultrasonic  E  of  the  destructive 
specimens  themselves;  the 
correlations  were  worse  with 
ultrasonic  E  of  the  larger  specimens 
from  which  they  were  cut. 
Correlations  tended  to  be  less  good 
with  unit  ultrasonic  time  than  with 


ultrasonic  E.  Correlations  with 
density  also  tended  to  be  only 
moderately  good  at  best,  except  for 
a  few  selected  properties  such  as 
hardness  modulus  which  is  a 
semidestructive  test. 

Recommendations  for  Future 
Study 

While  the  results  of  this  study 
suggest  that  destructive  properties 
of  this  research-type  flakeboard 
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Table  14.— Summary  of  correlations  between  ball  impact  ana 
nondestructive  properties'  • 


Correlation  coelllcient 

Specimen  type  Property  First  crack  Failure 


Unadjusted 

Adjusted 

Unadjusted 

Adjusted 

Ball  impact 

Density 

0.09 

0  1  ? 

0  36 

0.44 

Ultrasonic  r 

13 

10 

50 

-  53 

Ultrasonic  E 

14 

19 

.51 

.57 

Failure. 

unadjusted 

.4? 

Twelfth  panel 

Density 

30 

37 

Ultrasonic  r 

-  1b 

-  20 

59 

.62 

Ultrasonic  E 

13 

.24 

50 

59 

Full  panel 

Density 

-  24 

-  16 

Ultrasonic  t 

-  45 

— 

Ultrasonic  E 

.02 

ij 

34 

4  7 

Sag  E 

00 

03 

-  .06 

J:3 

’Each  number  based  on  63  L'aned  values  v  ‘  sr  64  for 


'Unadjusted  •ntbiies  no!  correcled  u.i  n  n»»ss  adi^s'ed  .  n *.  :  t  sl,t.  . 

thichness 


Table  15.— Summary  of  correlation  coot:,.  .»r>ts  between  i  ,i  do,  moou  u 
and  nondestructive  properties 


Specimen  type 

Property 

Correlation  coefficient 

Hardness 

Dens'ty 

or 

Utt-asomc  •. 

-•  •  ( • 

Ultrasonic  E 

.59 

Tv»e!ttr  pane. 

DensPy 

U'ti a.-p-  -u  : 

-  2c 

'■  ■ir".4(,;i-w  f 

4r 

F.ji1  pane! 

Deesitv 

06 

Uitrasci'k.  : 

•  2*4 

Urtrasoni;  » 

Sag  E 

Evtcn  number  baser. 

nr  65  pa.rpi:  va-uus 

Table  16.  —  Summary 

'  of  correlation  coed 

icients  between  plate  shear 

a f  i  o 

nondestructive  properties' 

Specimen  type 

Property 

Correlation  coefficient 

Shear  stiffness 

Shear  modulus 

Plate  shear 

Density 

0.52 

0.82 

Ultrasonic  r 

28 

-  .41 

Ultrasonic  E 

51 

.78 

Shear  modulus 

64 

Twelfth  panel 

Density 

38 

.71 

Ultrasonic  i 

-  20 

-  .56 

Ultrasonic  E 

.32 

.73 

Full  panel 

Density 

-30 

Ultrasonic  r 

-.09 

Ultrasonic  E 

-.02 

44 

Sag  E 

-  .10 

.06 

'Each  number  based  on  85  paiied  values 


generally  relate  only  moderately  well 
to  nondestructive  properties,  the 
results  are  based  on  a  quite  limited 
scope  in  panel  formulations  and 
specimen  sizes.  Therefore,  this 
study  suggests  two  items  of  major 
concern  for  further  nondestructive 
testing  research  on  panel  products. 

1.  Where  predictive  models  are  a 
goal,  experimental  panels  should  be 
made  with  an  extended  range  of 
quality  by  varying  resin  content, 
press  temperature,  etc.,  to  simulate 
the  kinds  of  panels  that  may  be 
produced  when  manufacturing 
variables  run  beyond  control  limits. 
The  extended  duality  should  allow 
for  oetter  modeling  between 
destructive  and  nondestructive  tests 
than  was  possible  in  this  study. 

2  T<.  be  of  practical  use  tr  the 
iranu'acture'  and  user  of 
fiakeboaid.  future  nondcstruc*  ve 
evaluations  sh  .did  ue  t'ayw  v«- 
destruct  ve  tests  of  hi,-  pane's  or 
large  pi.j-'es  ..insistent  w  *h  -  lu  ute 

•I.'hi  tatne-  in  -ip  snap 
SP'*.-im«;:5,  c. .-  ' ’ -o n a  r-a-  • 
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Appendix 

The  appendix  contains  data 
pertinent  to  simple  linear 
regressions  of  the  form  Y  =  A  * 

BX  These  data  are  based  on 
regressions  with  correlation 
coefficients  of  0.5  and  greater 
Caution  is  advised  in  the  use  of 
these  data,  however  as  they  are 
based  on  a  particular  type  of 
experimental  flaKeboard  The  results 
should  not  be  applied  directly  to 
other  particleboard  or  tleW'bod'O 
products  as  they  may  yield  false  or 
unsafe  predictions  of  mechanical 
propones. 
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U  S.  Forest  Products  Laboratory 

Nondestructive  evaluation  of  mechanical  properties  of  a  structural 
flakeboard  made  from  forest  residues  by  C  C  Gerhards  and 
L.  H  Floeter,  Madison.  Wis  .  For  Prod  Lab  .  1982 

17  p.  (USDA  For.  Serv.  Res  Pap  FPL  414) 

Full-sized  flakeboard  panels  made  of  logging  residues,  and  small 
specimens  cut  from  those  panels,  were  subiected  to  several 
nondestructive  tests  including  ultrasonic  and  impact  stress  waves 
Small  specimens  were  tested  to  destruction  to  determine  strength 
properties. 

Some  nondestructive  pioperties  correlated  highly  with  each  other 
particularly  within  specimens.  Correlations  between  destructive  and 
nondestructive  properties  were  only  moderately  good 

Keywords:  Nondestructive  testing,  mechanical  properties 
ultrasonics,  stress-wave,  structural  flakeboard.  sag  bending,  loresi 
residues. 
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